Postherpetic neuralgia neuralgia (PHN) is a debilitating chronic pain condition often accompanied by a sensation of pain when the affected region is touched (tactile allodynia). Here we identify brain regions involved in stimulus-induced touch-evoked pain (dynamical mechanical allodynia, DMA), compare brain activity between DMA and spontaneous pain (described earlier for the same patients in [Geha PY, Baliki MN, Chialvo DR, Harden RN, Paice JA, Apkarian AV. Brain activity for spontaneous pain of postherpetic neuralgia and its modulation by lidocaine patch therapy. Pain 2007;128:88-100]), delineate regions that specifically code the magnitude of perceived allodynia, and show the transformation of allodynia-related information in the brain as a time-evolving network. Eleven PHN patients were studied for DMA and its modulation with Lidoderm therapy (patches of 5% lidocaine applied to the PHN affected body part). Continuous ratings of pain while the affected body part was brushed during fMRI were contrasted with non-painful touch when brushing was applied to an equivalent opposite body site, and with fluctuations of a bar observed during scanning, at three sessions relative to Lidoderm treatment. Lidoderm treatment did not decrease DMA ratings but did decrease spontaneous pain. Multiple brain areas showed preferential activity for allodynia. However, mainly responses in the bilateral putamen and left medial temporal gyrus were related to the magnitude of allodynia. Both DMA and spontaneous pain perceptions were best represented within the same sub-cortical structures but with minimal overlap, implying that PHN pain modulates behavioral learning and hedonics. These results have important clinical implications regarding adequate therapy. Ó
Introduction
Postherpetic neuralgia (PHN) is estimated to occur in 2-35% of subjects after reactivation of latent varicellazoster virus [13, 31, [36] [37] [38] . It is characterized by the presence of pain of various qualities: (1) continuous burning or aching pain, (2) intermittent sharp pain, and (3) various sensory complaints, and is commonly accompanied by touch provoking a perception of pain (tactile allodynia, estimated incidence of 70-90%) [21] [22] [23] 26, 56] . Even though PHN often resolves with time, in some patients the pain persists for years, usually with a devastating impact on quality of life [18] . The condition is considered the prototypical human chronic neuropathic condition, because such patients exhibit multiple peripheral and central signs of neuropathy [49, 50, 63 ], yet there is very little information regarding the brain mechanisms involved in the condition, especially for tactile allodynia.
Allodynia has been studied for multiple clinical conditions [8, 42, 43, 52, 53, 58, 64] , but not for PHN, as well as in healthy subjects following a mild skin injury [6, 32, 33, 41, 47, 69] . These studies indicate that multiple brain regions demonstrate enhanced activity for allodynia. However, the actual relationship between brain activity and perceived allodynia has rarely been studied.
We recently described brain activity for spontaneous pain in PHN [28] , where continuous ratings of spontaneous pain during fMRI were best correlated with activity in the basal ganglia and amygdala. Here we characterize brain activity in the same PHN patients when they continuously rate their tactile allodynia, assessed prior to and after 5% lidocaine patch treatment (a procedure that clinically reduces PHN pain [26, 55] ). We examine activity differences, regional activity correlations with magnitude of pain ratings, and the temporal relationship between brain activity and stimuli and ratings in order to specifically map properties of tactile allodynia with brain activity. Given our recent findings [5, 28] , our main hypothesis is that allodynia and spontaneous pain should be represented in similar brain regions, involving sub-cortical regions rather than cortical areas involved in the sensory representation of acute pain. On the other hand, we also hypothesize that brain activity for allodynia and spontaneous pain should show minimal overlap, mainly because animal studies [16, 19, 65] , and human studies [43] , indicate that distinct afferent fiber types and spinal cord processes mediate these perceptions.
Methods

Patients and screening procedures
Diagnostic criteria for recruitment and clinical and demographic characteristics of the patients were described in detail in our previous study, which was done on the same patients [28] . Briefly, patients were included if they fulfilled the IASP criteria for postherpetic neuralgia (PHN). All the patients reported chronic spontaneous PHN pain (>3 months) [36] with a pain magnitude of at least 3/10 on a visual analog scale (VAS). At the screening interview, patients were tested for dynamic mechanical allodynia (DMA) by passing a foam brush over the painful area. Presence of DMA was asserted if the patient reported an increase of the pain by at least 1 unit on the VAS.
Fourteen PHN patients were entered into the study. Only eleven were analyzed: nine females and two males, ranging in age from 46 to 85 (mean age 66.4) , and spontaneous pain intensity on VAS ranged from 3 to 9 (mean 6.5) (see Supplementary material for location of PHN on the body). One patient dropped out from the study, one did not complete all the sessions, and faulty registration of functional scans occurred for a third. One patient from the previous study did not complete all the sessions for this study, and was replaced by a new patient (male, 48 years old, with a lesion on the right side of the neck, spontaneous pain intensity of 9). The Northwestern University Institutional Review Board approved this study, and written informed consent was obtained from all participants.
Experimental design and ratings
Patients were scanned under three different conditions using a semi-block design. During the scans we label a, they received a gentle brushing to the sensitive body area to elicit DMA; during scans we label t, they received a similar light touch control stimulus on the non-painful mirror body side. Just before entering the scanner, the area showing DMA and the nonpainful mirror body side were marked on the body. The marked regions were brushed manually using a foam brush that applies approximately 10 g of force, at a rate of about 1 Hz to provoke DMA. Patients rated their total pain during both a and t scans. They performed another control scan v by rating the length of a moving bar approximating the variability of their DMA pain scan a. The a and t scans were repeated in random order (maximum three per session), and the v scan was always last (one per session).
Stimulation episodes were variable with a mean duration of 32 ± 14 s and a distribution shown in Fig. 1B . During a certain run, the length of each stimulus episode was varied to minimize anticipatory responses. Patients were asked to continuously rate their total pain during both tasks a and t using a finger-span logging device, while observing their ratings online, projected on a screen as a moving bar (bar size scaled from 0 to 10; 0, no pain; 10, worst imaginable pain) [2, 5, 24, 28] . During the a scans, ratings represent fluctuations of the spontaneous PHN pain in episodes of no stimulation, and of both the spontaneous and DMA pain in episodes of stimulation; during the t scans, however, it represents the spontaneous pain only because, in this case, the stimulus was perceived as pure touch (subjects were specifically instructed not to rate non-painful touch perception, and none of the patients reported any touch-evoked pain from the control side). An example of pain rating during an a scan is shown in Fig. 1A . The v scans were done using the same finger-span logging device.
Our setup offers the advantage of studying brain components related to stimulation episodes (Sa, St, and Sv, vectors defining stimulus periods for DMA, touch, and visual lengths) and brain components related to rating various perceptions (Ra and Rv, vectors derived from rating periods). Patients were scanned during three different sessions to investigate the effect of treatment of the PHN condition with Lidoderm patches (topical 5% lidocaine) after acute and long-term use. Brain scan session 1 was done at baseline before the start of treatment, session 2 after 6 h of use of the Lidoderm patch, and session 3 after two weeks of continuous use of the Lidoderm patch.
Functional magnetic resonance data acquisition
Functional MRI data was acquired with a 3T Siemens Trio whole-body scanner with echo-planar imaging (EPI) capability using the standard radio-frequency head coil. FMRI and anatomical MRI acquisition details are the same as in our previous study [28] .
FMRI data analysis
Patients in pain invariably move in the scanner. To compensate for motion artifacts we performed a correction in two steps. The first step consisted in standard correction for head motion (FMRIB's Software Library, [60] , www.fmrib. ox.ac.uk/fsl), which generated a time course for head motion. In the second step we included this time course as a variable of no interest in the general linear model design used to search for events of interest.
The following pre-processing was applied to the motion corrected data: slice-timing correction using Fourier-space time-series phase-shifting; non-brain removal using BET; spatial smoothing using a Gaussian kernel of FWHM 5 mm; global (volumetric) multiplicative mean intensity renormalization; and registration to standard space using each subject's highresolution anatomic images as an intermediate step.
Five of our subjects had their lesion on the right side. The orientation of the raw data (scan a) was flipped for those five subjects, so their activity was represented as if they had the lesion on the left side. The six subjects with a left sided lesion had their control scans (scan t) flipped to the left side. Therefore, all scans used for both tasks represented left sided stimulation. To test for differences between flipped and unflipped activity maps, we also examined brain activity for DMA where the analysis described below was done in the original orientation (see Supplementary Fig. 1 ).
Ratings from scans a and v, respectively (Fig. 1A , black tracing), as well as stimuli from scans a and t, were binarized, convolved with a canonical hemodynamic response function, and used separately in a general linear model as primary vectors of interest (Sa, St, Ra, Rv). The model included two vectors, one for the event of interest and the other for the time course of head motion (as a covariate of no interest). A 200 s high-pass temporal filter was used for all scans.
Identifying activity maps for DMA
Group averaged activity maps were determined using FILM with local autocorrelation correction [66] . Averaged activity maps were computed across subject and across treatment sessions [(Sa)all, (Ra)all, (St)all, and (Sv)all, group averaged activity for each task and vector]. To specifically isolate brain activity related to DMA, higher-level contrasts were performed across all treatment sessions, in order to identify: (1) brain regions more active for DMA in contrast to touch, based on the timings of applied stimuli, i.e., (Sa À St)all; (2) brain regions more active for DMA in contrast to touch, based on the timings of ratings of perceived DMA, i.e., (Ra À St)all. To identify regions of overlap between the latter two maps we performed a conjunction analysis, where activity in one map is binarized and multiplied with the second map, performed in both directions. We also performed a contrast between maps determined for DMA based on stimulus timings and those based on ratings of perceived pain (paired t-test), {(Sa À St) À (Ra À St)}all (masked by activity for (Sa)all > 0 to avoid false positives) for all subjects and across treatment sessions.
All higher-level analyses were computed using age and pain durations as variables of no interest, which reduced the variability of the activations. As in the previous study, we observed an overall effect of spontaneous pain on brain activity independent from the task; we accordingly corrected for differences in spontaneous pain within each subject when computing (Sa À St)all and (Ra À St)all by adding spontaneous pain magnitude as a variable of no interest. Only positive activity was determined for these contrasts. All maps were specifically examined to insure the lack of false positive activity. z-Statistic images were thresholded at z > 2.3 and a (repeated-measures corrected) cluster significance threshold of P = 0.01 [67] .
Comparing DMA to spontaneous pain
To determine brain activation similarities and differences between DMA and spontaneous pain, we calculated conjunction and contrast maps between these activation maps. We performed a paired t-test contrast between DMA scans and spontaneous pain (Rsp) scans (contrast for spontaneous pain ratings from visual bar length ratings, Rsp À Rv) using 10 patients who had performed both tasks (see [28] ). This contrast was first performed using a random effects analysis {(Sa À St) À (Rsp À Rv)}all (masked with (Sa À St)all > 0 to avoid false positives). As the total pain magnitude was unmatched, we performed a second fixed effects contrast after including total pain as a covariate of interest, masked appropriately. The opposite contrast was similarly also performed.
Region of interest-based analysis
A region of interest (ROI) analysis was performed on each subject and each scan to relate regional brain activity to ratings of DMA pain and to examine the temporal properties of regional brain activity relative to stimulus and perception timings. The ROIs were defined from group averaged activity maps, masked by a macroscopic anatomical parcellation of the MNI MRI single-subject brain [61] . The ROIs were reversenormalized and projected back into the un-normalized individual brain space. Subdivisions between the amygdala, extended amygdala, and hippocampus were performed using coordinates derived from [40] . Average z-scores and average fMRI BOLD activity were calculated over all voxels within each ROI, for each scan.
We compared average z-scores between a (n = 51 from 11 patients) and t (n = 46 from 11 patients) scans using an unpaired t-test at a significance level of P < 0.01. We also examined the relationship between DMA intensities, and zscores using linear correlations. The average BOLD signal for the total trial for a given ROI was submitted to cross-correlation analysis with stimuli and ratings.
Isolating DMA magnitudes from ratings
In order to separate spontaneous pain from DMA-related pain ratings for each a scan, we calculated the average change in pain rating from baseline spontaneous pain, which we designate average-Dpain for each scan. We tested treatment effects on average-Dpain using one-way ANOVA.
Temporal properties of pain ratings and of regional brain activity
We examined the temporal response pattern for ratings of DMA and all activity extracted from ROIs, relative to the start and end of stimulation, within a fixed time window. Window width was based on the mode of stimulus duration (Fig. 1B) . Stimulus timing-triggered average DMA ratings (time dependent Dpain), total pain (spontaneous pain + DMA), or ROI fMRI BOLD responses were determined across subjects and sessions, and contrasted using two-way repeated-measure ANOVA (factor 1, treatment sessions or scan conditions; factor 2, time which was the repeat measure of time steps in TR).
Cross-correlation analyses
The inter-relationships among ROI BOLD activity, stimuli, and DMA pain ratings were examined by calculating normalized linear cross-correlations among them, after convolving vectors a, t, and v with the hemodynamic response. The resultant time function indicates the extent of similarity (peak value which designates probability of similarity or dissimilarity; value range -1 to +1), the phase shift (peak lead or lag from time zero) between continuous stationary random variables, and the change in similarity at the various shifts examined. It is calculated by convolving the two random variables (i.e. (ROI BOLD) * (a * h), (ROI BOLD) * (t * h), (ROI BOLD) * (v * h), where h = hemodynamic response, * = cross-correlation or convolution). Cross-correlation at zero lag is the same as the linear correlation between the variables, and cross-correlation at a given time lag is also equivalent to the linear correlation when one of the appropriate variables is time shifted by the same lag. This method has been extensively used in electrophysiology to identify network connectivity properties between pairs of neurons [46] . Activations determined in fMRI studies, can be considered the outcome of cross-correlating the task vector with brain activity, at lag zero. Notably, there are no additional assumptions necessary for the application of cross-correlation to fMRI than those assumed for general linear modelling analyses.
In the present study, stimuli and ratings were digitized at the fMRI data acquisition rate. Given that the stimuli were variable in duration and the ratings variable in duration and intensity, the cross-correlation between regional BOLD and hemodynamic response-convolved stimuli and ratings provides an optimal measure for differentiating between brain regional functional properties. Cross-correlations were averaged across scans, and correlation coefficients and delays compared between regions and conditions.
DMA perception related brain networks
Correlational network maps were generated using the fMRI BOLD activity time course from a seed region, and correlation coefficients between it and the time course of all other brain voxels were computed, following the procedures of Fox et al. [25] . BOLD time courses were extracted from functional scans processed with slice time correction, motion correction using MCFLIRT, spatial smoothing using a Gaussian kernel of full-width-half-maximum 5 mm, nonlinear high-pass temporal filtering, and intensity normalization. The time course of average BOLD within the seed region was used, after different time delays or time advances, to determine all brain voxels correlated or anti-correlated to it. To combine results across subjects and compute statistical significance, correlations were transformed to z-scores, and maps generated using fixed effects analysis corrected for multiple comparisons at a significance level P < 0.01. Only 10 patients were included in this analysis, as one subject's average correlational map was noisy.
Results
Brushing the PHN site during fMRI scans resulted in increased ratings of pain (example shown in Fig. 1A ) in all subjects. Moreover, brushing the equivalent contralateral body side did not change pain ratings, and the patients reported no touch-evoked pain sensations for this control stimulus.
Influence of lidocaine treatment on DMA
Treatment with the Lidoderm patch did not decrease DMA ratings but did decrease ratings of spontaneous pain. The change in pain ratings for touch stimuli applied to the PHN affected zone was examined for average-Dpain and time dependent Dpain. AverageDpain across all patients was 1.8 ± 0.3 for session 1 (mean ± SEM), 2.7 ± 0.6 for session 2, and 2 ± 0.4 for session 3 (F 2,48 = 0.89, P = 0.42), and did not change with treatment. The time dependent measure of DMA, Dpain measured from either start or end of painful stimuli (Fig. 1D) , also did not decrease with treatment. Instead it showed a slight increase after a 6-h lidocaine treatment (F 2,48 = 0.8, P = 0.45 for epochs of increasing pain; F 2,48 = 1.5, P = 0.2 for epochs of decreasing pain). Total pain (spontaneous pain + DMA pain), on the other hand, decreased significantly for epochs of increasing pain (F 2,48 = 3.5, P < 0.05), and for epochs of decreasing pain (F 2,48 = 3.7, P < 0.05) (Fig. 1C) , due to the decrease in spontaneous pain with treatment.
Brain activity for DMA in PHN
To isolate brain activity for DMA in PHN, we examined contrasts between DMA provoking and touch inducing scans, in relation to stimulus timings and in relation to the ratings of DMA, across the three treatment sessions and after correcting for covariates of no interest for head motion, age, pain duration, and spontaneous pain. Areas showing more activity for DMA than touch as identified relative to stimulus timings (random effects (Sa À St)all) ( Fig. 2A and Table 1 ; also Supplementary Fig. 2 ) included the cerebellum, brainstem (PAG, substantia nigra, red nucleus), right (contralateral to stimulation) thalamus, bilateral striatum, bilateral insula, left MT (visual motion perception area), right inferior frontal gyrus, supplementary motor cortex (SMA), anterior cingulate (ACC), left dorsal amygdala/extended amygdala (SLEA), and left medial temporal gyrus (MTG, including posterior SLEA and parts of the hippocampus). Therefore, compared to touch, we observe enhanced activity for DMA in cortical, sub-cortical, and brainstem regions. This result is consistent with earlier reports for DMA examined in patients with trigeminal neuropathy [8] , patients with peripheral or central neuropathies [52, 53, 64] , and patients with complex regional pain syndrome [42] .
Our experimental design is based on the notion that monitoring subjective ratings of DMA should provide more accurate information regarding the characteristics Activity determined by stimulus timings is significantly larger in multiple brain regions than activity determined by rating of DMA. The opposite contrast does not yield any significant clusters. The right inset illustrates the time relationship between contrasted maps. Arrows indicate specific activated clusters. Both contrasts use spontaneous pain, pain duration and patient age as covariates of no interest. For abbreviations see Table 1 . Activations are presented in standard space coordinates, shown in mm above the slices. Spatial orientation follows radiological convention with the left side of the brain shown on the right. of the pain, and thus we hypothesized that assessing DMA relative to its ratings should show greater and more specific brain activity. Testing for DMA relative to timings of ratings (random effects (Ra À St)all) shows significant clusters in the cerebellum and left MT, with weaker activity (sub-threshold clusters) in bilateral basal ganglia and insula. Thus, contrary to our expectation, the rating based DMA map was more restricted than the stimulus based map. To explore the relationship between these two representations, we examined their conjunction and contrast for a less stringent statistical threshold (fixed effects design).
There was complete overlap (100%) between the fixed effects map derived from the ratings and the equivalent map derived from stimulus timings, while only 31% of the activity derived from the stimulus timings overlapped with that derived from pain ratings ( Fig. 2B ; also Supplementary Figs. 3 & 4) . Given that more extensive activations were observed in the map derived from stimulus timings, this was tested statistically in a higher-level contrast (fixed effects, {(Sa À St) À (Ra À St)}all). The result confirms the differences shown in the conjunction, indicating that the stimulus timing derived map was associated with significantly more activity, but only in cortical areas (Fig. 2C , and Table 2 ; also Supplementary Fig. 5 ). The spatial differences imply that regions overlapping between the two maps (sub-cortical areas) are better related to DMA. In the time domain, the two maps explore different phases of pain perception (see inset in Fig. 2C) . From this perspective, activity differences are either due to greater activity in the early phase of stimulation (implying the presence of touch responses in the early phase) or to lower activity in the late phase of DMA when the perception of pain is decreasing. The opposite contrast did not yield any significant clusters.
Comparison between brain activations for spontaneous and DMA pain
To examine the spatial relationship between brain regions associated with DMA pain and spontaneous pain in PHN patients (the latter derived from [28] ), we performed conjunction and contrast comparisons between the two tasks (random effects results). Overlaying the two maps on a single brain indicates that both conditions activate very similar areas. The conjunction analysis, however, shows little overlap, only 5%, localized mainly to bilateral insula (Fig. 3A) . Contrasting the activations for spontaneous pain from DMA (random effect, {(Rsp À Rv) À (Sa À St)}all) did not yield any significant clusters. On the other hand, the opposite contrast showed enhanced DMA-related activity in the cerebellum, brainstem, right thalamus, bilateral putamen, bilateral insula, and right inferior frontal gyrus (not shown). We interpret this result as being a consequence of the fact that pain ratings during DMA are not matched to those during spontaneous pain.
On average, patients reported significantly more total pain during DMA (4.7 ± 0.4) than during spontaneous pain scans (3.6 ± 0.3) (t-test; P < 0.05). Therefore, we contrasted DMA and spontaneous pain after regressing with total pain to specifically identify brain regions that are related to total pain and are more active in each condition. Spontaneous pain activated significantly more right caudate and ventral striatum and bilateral insula (Fig. 3B, Supplementary Table 4 and Figs. 7 & 8) , while The contrast was done relative to stimulus timings (Sa À St)all, and contained 5 clusters: cluster 1, 461 voxels, P < 0.01; cluster 2, 546 voxels, P < 10
À3
; cluster 3, 556 voxels, P < 10
; cluster 4, 1332 voxels, P < 10
À8
; cluster 5, 1338, P < 10 À8 . Abbreviations used: L, left; R, right; Ant, anterior; Inf, inferior; ACC, anterior cingulated cortex; IFG, inferior frontal gyrus; MT, mid temporal (visual motion); MTG, medial temporal gyrus; OFC, orbitofrontal cortex; PAG, periaqueductal gray; RN, red nucleus; SMA, supplementary motor cortex; SLEA, sub-lenticular extended amygdala SN, substantia nigra. Numbers in parentheses, Brodmann areas.
DMA activated significantly more right (contralateral to PHN) SII, insula, dorsal amygdala, and bilateral putamen and globus pallidus; additionally, areas corresponding to the rating task were activated more for DMA including left SMA, MI, pre-motor, and SI (hand representation in the hemisphere contralateral to the fingers used in ratings even though some of these brain were flipped changing sidedness for the ratings); visual motion areas were also activated more in DMA. The fact that during DMA the ratings are more robust and more frequent readily explains observed task related sensorimotor and visual differences. There was segregation within the basal ganglia with spontaneous pain mapping to the caudate and ventral striatum, while DMA mapping to the putamen and globus pallidus bilaterally. Moreover, within the anterior insula/IFG region, DMA was preferentially localized to the right (contralateral to PHN), while spontaneous pain was localized to the left. Thus, we observe specific regional representational differences between DMA and spontaneous pain, which became apparent only after correcting for pain magnitudes.
Regional analysis
To segregate brain regional responses with regard to their specific relationship to DMA, we examined response size (average z-scores) and temporal properties of the fMRI BOLD signal, and related them to stimulus timings and perception ratings. The specific regions examined were based on the contrasts of DMA with touch and with spontaneous pain. We examined all The contrast was a fixed effects comparison of {(Sa À St) À (Ra À Rt)}all and contained two clusters: cluster 1, 818 voxels, P < 10
À4
; cluster 2, 4013 voxels, P < 10
À15
. Abbreviations used: L, left; R, right; ACC, anterior cingulated cortex; MI, primary motor cortex; SI, primary somatosensory cortex; SII, secondary somatosensory cortex; SMA, supplementary motor cortex; Sup, superior. Numbers in parentheses, Brodmann areas. [28] ), and the conjunction of the two maps (green). Both activate similar brain regions but with minimal overlap (green). (B) Contrasting the two maps, after correcting for differences in perceived magnitude of total pain, shows differential representation for DMA (red) and spontaneous pain (blue) primarily, within different portions of the basal ganglia and insula; visual and sensorimotor (contralateral to the hand used in the ratings) regions are more prominently active in the DMA task. Arrows indicate specific activated clusters. For abbreviations see Table 1. twelve regions identified at the random effects comparisons (except SII, which was identified from fixed effects contrast between DMA and spontaneous pain): ACC, SMA, right thalamus, right SII, left amygdala/SLEA, left MTG, and left and right basal ganglia, insula, and frontal cortex. Three brain regions showed best specificity for DMA: left and right putamen, and left MTG. In all three areas: (1) mean activity was significantly larger for DMA in contrast to non-painful touch, or in contrast to visual bar length ratings, and did not significantly change with treatment (Fig. 4 bar graphs) ; (2) activity was positively correlated with magnitude of DMA ratings (these correlations were mostly preserved when data was segregated for each treatment session; data not shown), but was not related to visual bar length ratings (Fig. 4 scatter plots) ; (3) stimulus-triggered averaged fMRI responses and cross-correlations of fMRI BOLD with either the stimuli or ratings of DMA were significantly larger than equivalent measures for touch or visual rating tasks (Fig. 5 , Table 3 and Supplementary Table 3 ).
Details of the time course of BOLD responses (stimulus start and end triggered average regional BOLD, and the cross-correlations of regional BOLD with the stimuli or ratings, convolved with hemodynamic response function) provide important insights and need further description. The cross-correlational analysis measure brain activity in relation to stimuli and ratings by accounting for the complete time course of the fMRI signal, thus providing a normalized metric of similarity between brain activity, stimuli, and ratings over the whole time course of the task and also identifies temporal shifts in relation to stimuli and ratings.
Relative to the application of DMA-inducing stimuli and their predicted response (convolved with hemodynamic response), stimulus-triggered group averaged pain ratings were delayed and continued to increase within the time window examined. Relative to the end of stimulation, however, the ratings were sustained and only slowly returned to baseline, resulting in an overall averaged cross-correlation where the peak is delayed by at least 7.5 s between stimulus and rating of DMA. (This time delay is larger than the raw time delay observed, and is the result of the low pass filtering imposed by the convolution with the hemodynamic function (compare Figs. 1D-5A ), but the convolution imposes the same assumptions as those for the fMRI signal and enables direct comparisons among fMRI and stimuli and ratings.) In contrast, for the visual length rating task the increasing and decreasing phases of the ratings were more similar to the predicted responses, and resulted in a stimulus-response cross- correlation that is symmetric around time zero (Fig. 5B) . At the start of DMA-inducing stimulation, average stimulus-triggered BOLD responses in left and right putamen and left MTG (Fig. 5C and D) increased rapidly, matching more closely to the time course of the stimulus than the ratings, and were sustained within the time window examined. All three regions also responded to touch but to a lesser extent. In the time window around the end of DMA-inducing stimulation, BOLD responses in all three regions were not different between DMA and touch (Table 3) . BOLD responses in all three areas to non-painful touch and to visual bar length ratings were smaller, transient, or not present. Cross-correlations between activity and stimuli or ratings show that the BOLD signal in all three areas was better correlated with the DMA task than with nonpainful touch or with visual bar length ratings. Given the time delay between the stimulus and rating of DMA, the temporal relationship of brain activity is informative and is best identified from cross-correlation results. Cross-correlations during DMA for left and right putamen indicate that their activity was delayed by about 2.5-5 s (12 TRs) from the start of the stimulus, and led perception of DMA by another 2.5-5 s. The left MTG response also showed similar, but smaller, time differences between stimulus and ratings. Thus, even though the activity in each of these three regions shows the best properties for coding DMA, in each case it preceded the perception of DMA by only a few seconds (a few TRs), and in no case showed a better correlation with DMA at any of the time delays examined. Therefore, we conclude that while activity in these regions may be causally related to the perception of DMA, the regions themselves cannot be considered the sites where DMA is perceived.
Similar analyses and results for the ACC, right insula, right SII, and right thalamus ROIs are shown in Fig. 6 . While the activity in the ACC, right insula, and thalamus (but not in the right SII) was significantly greater during DMA than during light touch, in no case was it correlated to the magnitude of DMA (average-Dpain). Stimulus-triggered response in the ACC showed that this region has a robust response during DMA and does not respond to touch. Thus, the ACC is the region that best differentiates between DMA and touch. However, its activity was transient and its cross-correlation was best with the stimulus and preceded the stimulus (the cross-correlation peak was 2.5 s, 1 TR, earlier than the stimulus -the fastest response seen of all areas studied). In addition, DMA ratings lagged behind ACC activity by more than 10 s. Right insula, and right thalamus BOLD responses were generally similar for DMA and for touch, SII average brain activity and stimulus-triggered responses were robust and similar for both DMA and non-painful touch. This provides evidence that SII does not seem important in DMA, and that our control task evoked adequate brain responses. We further explored the relationship between DMA and brain activity by performing a whole-brain covariate analysis (Supplementary Fig. 9 ). The only new noteworthy region was an area in mid left insula, contiguous with MTG cluster. Regional analysis of this area indicated a borderline correlation with DMA (at coordinates: À38, 4, À8, with r = 0.32 and P = 0.02), after correcting for age and session.
Perception of DMA at brain network level
Given that the above analyses do not show any brain region where activity best relates to DMA, especially regarding temporal evolution relative to perception of DMA, we sought to differentiate brain activity for this percept at the brain network level. Of the three areas showing specificity for DMA, the left putamen exhibited the best characteristics. Therefore, we searched for the network of brain activity related to this region. As the cross-correlation analysis indicated that left putamen activity, when advanced by 5 s (2 TRs), relates best to the stimulus, while, when delayed by 5 s, it relates better with ratings of DMA, we determined brain connectivity when activity within this region was used as a seed at both time delays. Connectivity of left putamen seed at the time best related to the stimulus (À5 s, Fig. 7 left panel, Supplementary Table 5 and Supplementary  Fig. 10 ) showed positive correlations mainly with subcortical structures (thalamus, basal ganglia, brainstem, cerebellum), in addition to the anterior insula/inferior frontal gyrus and orbitofrontal and inferior temporal cortex. Anti-correlated connectivity was observed mainly with the amygdala and posterior parietal cortex, as well as parts of the cingulate cortex and SMA. On the other hand, connectivity of left putamen seed at the time better related to perception of DMA (+5 s, Fig. 7 right panel, Supplementary Table 5 and Supplementary  Fig. 11 ) showed positive correlations within the basal ganglia, bilateral thalamus and amygdala. In the cortex it was positively correlated with bilateral SI, parts of the insula, and posterior parietal regions, as well as cingulate and visual cortices and cerebellum. Anti-correlated connectivity was observed primarily with bilateral medial and orbital prefrontal cortex, smaller regions within precuneus and posterior cingulate, parts of the insula and parahippocampal gyrus, and inferior temporal cortex. Thus, the largest change in connectivity between the two time windows was for the parietal cortex, where connections switched from negative to positive with the advancement of time, and in medial and orbital PFC, where in time connectivity became negative (see Supplementary Fig. 11, Supplementary Table 5 ). When connectivity was examined for left putamen seed with no time delays, the resultant network pattern was intermediate between the two described above. We also examined left putamen connectivity when its time signal was further advanced by +15 s (+6 TRs); no significant positive or negative correlations could be detected at this time delay. Overall, these results show the dynamics of brain connectivity as the DMA-related information engages various brain structures in opposing patterns. We observe that the positively correlated flow of information is initially limited mostly to a sub-cortical-brainstem network and that in time it then engages the cortex. 
Discussion
This is the first demonstration of DMA pain-related brain activity in PHN and the first determination of the brain inter-relationship between DMA and spontaneous pain in chronic pain. DMA, in contrast to nonpainful touch, preferentially activated: (1) cortical areas thought to be involved in sensory (SII, insula), motor (MI, SMA, cerebellum), cognitive/working memory (PFC), and affective/attentional (ACC) processes; and (2) sub-cortical areas involved in sensory (thalamus), sensorimotor behavior (basal ganglia), and hedonics (MTG) processes. Most of these areas are seen to be activated by acute pain in normal subjects [1] and are also observed to be participating in DMA. Only a limited subset correlated significantly with the perceived magnitude of DMA, and none showed a better correlation to ratings of DMA in contrast to the stimulus provoking DMA. The latter prompted the search for a signature for DMA at the brain network level, where we could show a dramatic shift in brain connectivity as the stimulus is transformed to a perception of DMA.
In majority of earlier studies, a contrast was made between tactile allodynia and touch, and the identified regions were ascribed as being part of the brain network involved in the percept. Still, the contrast maps generated share many similarities to the map we report here. Our results differ from earlier studies in that mainly sub-cortical regions correlated with DMA magnitudes in PHN patients. Two prior studies tested the relationship between brain activity and magnitude of tactile allodynia. In one study [58] allodynia magnitudes were determined at the termination of brain scans, and these magnitudes correlated with anterior insular activity (after correcting for spontaneous pain). The second study had a design more similar to ours, where patients with chronic pain performed online ratings of touch-evoked allodynia [42] , and the covariate analysis indicated that multiple cortical areas were positively correlated with allodynia ratings. They did not, however, correct for the presence and magnitude of spontaneous pain, or for patients' age or pain duration, and both studies did not perform ROI-based analysis. Given the differences in analysis among all three studies, it is not clear if the disparate results are due to the distinct patient populations or to the different methods used.
Caveats
The current study, like most brain imaging studies of chronic pain [1] , suffers from the limited number of patients included. We compensated for this by performing repeat scans at different time points relative to lidocaine treatment. Another weakness regards differences in the body regions where PHN pain was present, partially compensated for by inverting the brain to render the stimulus and PHN pain always on the left side. Lack of a placebo arm and the method of rating used also complicate interpretation of the results (discussed further below).
Lidoderm treatment effects on PHN pain
Participants were instructed to rate their overall pain. We chose this approach as the interaction between spon- taneous pain and DMA is unknown, and also because spontaneous pain fluctuates unpredictably [24] . We were surprised by the fact that the magnitude of DMA was not modulated by lidocaine therapy (based on a large number of events; n = 295), even though spontaneous pain did decrease with this treatment, as clinical trials indicate similar decreases in both when PHN patients are treated with Lidoderm [26, 27, 45, 62] . It is possible that the differential efficacy was related to our method of rating pain (instantaneous ratings, while clinical studies are based on questionnaires which rely on the past memory of the patient). On the other hand, this result is consistent with the idea that DMA and spontaneous pain may underlie distinct processes, validated by the demonstration of minimal representational overlap between activations for each. These results also suggest that lidocaine may differentially interfere with excitability of afferents involved in spontaneous pain, whereas DMA may be more of a central phenomenon which topical drugs cannot affect [16, 19] . Given that the current study did not have a placebo arm, we cannot discount the possibility that differential effects of lidocaine may be due to spontaneous pain being more susceptible to suggestion.
Brain activity differences between acute pain and DMA in PHN
When we examined brain activity in response to thermal painful stimuli in healthy subjects or in CBP, using the same methods as in the present study (with comparable numbers of subjects and stimuli), we observed that multiple cortical regions robustly code the perceived magnitude of pain [3, 4] . Thus, the brain regions involved in DMA in PHN seem different from those associated with thermal pain perception. On the other hand, brain regions showing best specificity for thermal pain were mainly localized to the basal ganglia and thalamus in the normal subjects [4] , while for PHN DMA the most specific responses were localized to the basal ganglia and MTG. The latter suggests that DMA in PHN is preferentially mediated through spinal-basal ganglia [14] , spinal-parabrachial-amygdala [9] , and spinal-amygdala [15] projections.
Role of basal ganglia and MTG in PHN pain
A recent study indicates differential involvement of various sub-portions of basal ganglia in pain, with the caudate and putamen reflecting sensory and emotional components of pain and the ventral striatum being associated with negative affect and fear [59] . Consistent with this, others show that dopamine receptor binding in the putamen is correlated with heat pain thresholds [44, 51] ; that painful stimuli activate the putamen somatotopically [10] ; putamen responds to tonic painful stimulation but not to non-painful stimulation [20] ; an acute infarct limited to the putamen can give rise to deep pain [57] ; and nociceptive neurons are described in the region [17] . There has been little information regarding the role of basal ganglia in chronic pain conditions, but it is implicated in atypical facial pain and in burning mouth syndrome [30, 35] and in tactile allodynia in trigeminal neuropathy [8] . Our results show involvement of the region in CBP spontaneous pain and in PHN for spontaneous pain and DMA. Spontaneous pain seems to involve the limbic portion (ventral striatum), while DMA involves the sensorimotor portion (putamen), suggesting that the former affects motivated behavior while the latter affects habitual behavior and sensorimotor processing [68] .
We observe activation of the dorsal amygdala/SLEA as well as a more posterior MTG region. Only the latter was related to perceived DMA. The activated region of MTG includes posterior SLEA, and there is good evidence that the amygdala/SLEA is involved in pain. Multiple studies show that it is activated with acute and tonic pain [7, 11, 12, 39, 70, 71] , and animal studies indicate sensitization of amygdala responses to noxious stimuli in inflammatory and neuropathic models [34, 48] . Therefore, the current results suggest that DMA also modulates hedonics, as does spontaneous pain in the CBP and in PHN.
Temporal evolution of DMA as a brain network
Continuous rating of perceived pain allowed studying the temporal properties of brain activity. The results indicate that the ACC shows the earliest response, with the latest responses seen in DMA-specific regions (putamen). However, even the most specific responses, on average, were better correlated to the stimulus and preceded the pain ratings, implying that the perception is due to the interaction of the activity at these sites with the rest of the brain. Consistent with this notion is our demonstration that at a time when putamen activity is best related to the stimulus, the parietal cortex is negatively engaged with this information; while when putamen activity is best related to DMA, many parietal areas reflect this information. The latter network shares many components with the brain default mode network [25, 29, 54] proposed to provide the balance of opposing forces with which incoming information may be interpreted. As correlations are transitive, and given that putamen activity was correlated to perceived magnitude of DMA, we can state that the networks identified are also correlated to the magnitude of DMA and, as such, the observed spatial-temporal change in brain connectivity reflects transmission of DMA information within the brain.
Conclusions
Overall, these results indicate that, on the one hand, in PHN patients both spontaneous pain and DMA engage sub-cortical regions involved in motivation, sensorimotor behavior, and hedonics, and impinge on separate potions of the basal ganglia, thus, distinctly impacting on various types of learned behavior. On the other hand, perception of DMA might be better characterized at the brain network level, where spatiotemporal dynamics of information flow across the network may be more informative.
